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The purpose of this study was to examine whether short
(5minute) serial left anterior descending coronary artery
occlusions produced consistent changes in ST segment
elevation,bipolar electrogram variables, myocardial blood
flow and incidence of arrhythmia when separated by
short (3 minute) or long (> 40 minute) periods of re-
perfusion. In eight adult control dogs, neurally decen-
tralized and paced at 150 beats/min, occlusions sepa-
rated by greater than 40 minutes resulted in consistent
changes in endocardial and epicardial electrogram ac-
tivity, ST segment elevation and incidence of arrhyth-
mia. In the same dogs, left anterior descending coronary
artery occlusions following a short period of reperfusion
demonstrated significantly less (p < 0.01) ST segment
elevation and arrhythmia (p < 0.001) with no change in
bipolar electrogram variables. On the other hand, myo-
cardial blood flow was not altered within the ischemic
zone at the electrode sites during any occlusion protocol,
demonstrating that improved electrophysiologic vari-
ables and decreased incidence of arrhythmia were not
Acute myocardial ischemia produced by coronary artery
occlusion has been shown to result in altered myocardial
depolarization and myocardial activation 0-6). Ruffy et al.
(7) found that the amplitudes of regional endocardial and
epicardial bipolar electrograms in the dog heart were directly
proportional to regional blood flow and that electrogram
duration increased with ischemia. The present study eval-
uated the effects of time lapse after 5 minutes of myocardial
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due to enhanced myocardial blood flow to the ischemic
zone. Similar experiments in an additional eight neurally
decentralized dogs receiving 3 cycles/s left efferent sym-
pathetic nerve stimulation (sympatheticstimulation group)
showedgreater incidenceof arrhythmia (p < 0.01), larger
electrogram changes (p < 0.01) and increased ST seg-
ment elevation (p < 0.01) during all occlusions when
compared with the nonstimulated animals. Time interval
between occlusions also significantly affected the results
in these animals.
These data suggest that the time interval between
repeated left anterior descending coronary artery occlu-
sions must be carefully controlled to eliminate artifactual
changes in electrophysiologic variables being measured.
In addition, improvement in the electrophysiologic vari-
ables seen after short reperfusion could not be attributed
to increased myocardial blood flow to the ischemic zone
or electrode site, suggesting that other mechanisms must
be involved.
ischemia on the subsequent electrophysiologic changes within
the ischemic regions. Changes in electrical activity were
correlated with those in myocardial flood flow. In addition,
the effects of sympathetic nerve stimulation on the incidence
of arrhythmia, bipolar electrogram and ST segment vari-
ables were investigated during the 5 minute periods of
ischemia.
Methods
Acute surgical procedures. Adult mongrel dogs of both
sexes (15 to 25 kg) were anesthetized (sodium pentobarbital,
30 mg/kg, intravenously), the right and left cervical vagi
isolated and transected, the trachea cannulated and the dogs
ventilated 10 to 14 times/min with 40% oxygen using pos-
itive pressure ventilation. Both femoral arteries and a fem-
oral vein were isolated and catheterized. One arterial cath-
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eter was connected to a Statham pressure transducer (P23Db)
and Grass polygraph (model 7) for monitoring the arterial
blood pressure. The other arterial catheter served as a site
for blood withdrawal during radiolabeled microsphere in-
jections and for obtaining arterial blood samples to monitor
arterial blood gas levels, pH and base deficit. Ventilation
was adjusted throughout the experiment to maintain arterial
partial pressure of oxygen (Po 2) between 100 to 170 torr.
Intravenous infusion of sodium bicarbonate was performed
as needed to maintain arterial pH within a range of 7.35 to
7.47.
A left thoracotomy at the fifth interspace was performed,
and neural decentralization of the heart (8,9) was completed
by isolating and cutting the ansae subclaviae of the right
and left stellate ganglia. The pericardium was opened and
the left atrium cannulated. A bipolar electrode was sewn to
the right atrial appendage and all hearts were electrically
paced at 150 beats/min. In preparations where spontaneous
heart rate was greater than 150 beats/min, the sinus node
was crushed and pacing was initiated. All preparations were
allowed to stabilize for 15 to 20 minutes before any mea-
surements were made.
A small thermistor (YSI probe, model 425) was secured
to the surface of the left ventricular free wall and epicardial
temperature was monitored with a YSI telethermometer(model
46). Rectal temperature was also monitored, and an infrared
heating lamp was utilized to keep epicardial and core tem-
perature within a narrow range (37 to 39°C).
Local unipolar and bipolar electrogram recordings.
Changes in ST segment elevation or myocardial activation
were assessed through the use of unipolar or bipolar elec-
trodes. In each experiment, 6 to 10 unipolar electrograms
were paired endocardially and epicardially in the region of
potential ischemia. Electrodes consisted of 25 gauge needles
threaded with a single Teflon-coated stainless steel wire bent
at the tip to form a small hook. This hook was inserted into
the myocardium and the needle was withdrawn leaving the
wires embedded in endocardial or epicardial muscle. Elec-
trograms were amplified with an AC preamplifier (time con-
stant 0.1 second) set to pass frequencies of O. I to 100 Hz.
Signals were displayed at a calibrated sensitivity of 5 mV/
em and a paper speed of 100 mm/s. Measurement of ST
segment elevation was made 50 ms after the J point of the
electrogram (10).
Bipolar recording electrodes (six to eight per experiment)
consisted of 21 gauge needles threaded with two Teflon-
coated stainless steel wires bent at the tip to form a hook.
The needles were inserted subepicardially (I mm) and sub-
endocardially (8 mm) in normal myocardium and in myo-
cardium that potentially would be made ischemic during
coronary artery occlusion. Each bipolar electrogram was
amplified by an AC preamplifier set to pass frequencies of
30 to 3,000 Hz. Signals were simultaneously displayed on
a Tektronix storage oscilloscope (model 5111) at a sweep
speed of 200 mm/s and a paper speed of 100 mm/s. Bipolar
electrogram duration, amplitude and time to onset were
examined (7).
Left anterior descending coronary artery occlusion.
In all experiments, coronary occlusion consisted of ligation
of the left anterior descending coronary artery at a level just
above the second diagonal branch. The artery was dissected
free from surrounding myocardium and a single piece of
moist umbilical tape was placed around the artery. Coronary
artery occlusion was accomplished by placing a small bull-
dog occluder on the artery. This ensured that the artery was
minimally traumatized throughout the protocol and that blood
flow was reestablished rapidly on release of the occlusion.
Myocardial blood flow determination. Regional myo-
cardial blood flow values were determined using radiola-
beled carbonized spheres (microspheres) and techniques
previously described (11,12). Briefly, 45 seconds before the
injection of a well mixed species of microspheres (15 ± 2
J-L)' withdrawal of a reference blood sample (6.1 mllmin)
was begun from the femoral artery catheters. This with-
drawal was continued for 2 minutes after the injection. Mi-
crospheres were injected into the left atrium and flushed
with 5 ml of 0.9% saline solution for 5 to 10 seconds. Heart
rate and hemodynamic conditions were monitored through-
out the protocol and remained stable, or the blood flow
determination was excluded. Four microsphere isotopes
(strontium-Sf or ruthenium-103; scandium-46; cerium-141
and chromium-51) were utilized and the order of isotope
injection was determined randomly before each experiment.
At the end of the experiment, hearts were fibrillated,
removed with electrodes in place, washed thoroughly and
placed in a 20% formalin solution overnight. Transmural
tissue samples were taken from areas of the left ventricle
containing electrodes. These tissue samples were divided
into endocardial and epicardial portions, weighed and placed
in tubes. Arterial blood obtained during each microsphere
injection and water used to rinse the withdrawal syringes
were also placed in tubes and capped. All samples, along
with pure isotope standards, were assayed for radioactivity
at predetermined energy settings. Raw data were entered
into a computer (13), isotope to isotope interference coef-
ficients calculated and radioactive counts converted into
myocardial blood flow using the equation: MBF = (C/TW)
x (RBW/Cb ) x 100, where MBF = myocardial blood
flow in mllmin per 100 g, C, = tissue radioactivity in counts/
min, TW = tissue sample weight in grams, RBW = ref-
erence blood withdrawal rate in ml/min, and C, = total
radioactivity in reference blood sample.
Several investigators have established the validity of the
tracer microsphere technique in the study of myocardial
blood flow distribution (11,14-16), and limitations of this
technique (17-20) have been discussed previously (12).
Protocol. In this protocol, occlusions (5 minutes) were
separated by short (3 minutes) or long (> 40 minutes) pe-
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Figure 1. Arrhythmia, quantitated as premature ventricularcom-
plexesper 5 minutes of occlusion, in controland sympathetic nerve
stimulation dogs. Data are expressed as mean ± standard error
for each occlusion, Numbers below bars signify the occlusion
number In the repeated occlusion sequence. In each group of an-
imals, a randomization test for matchedpaireddata was performed
to determine statistical significance while an unpaired t test de-
termined significance between occlusions in the two groups. NS
= not significant.
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riods of reperfusion. Each animal was subjected to four
serial occlusions during which regional myocardial blood
flow, endocardial and epicardial ST segment changes, myo-
cardial activation and arrhythmia were evaluated, Nine dogs
underwent the multiple occlusion protocol in the absence
of neural input (control group) while 11 dogs received 3
cycles/s left efferent sympathetic nerve stimulation (4 ms
duration, I to 3 mA), Regional myocardial blood flow was
determined after 2 minutes of ischemia during each occlu-
sion, while ST segment and myocardial activation mea-
surements were taken before and immediately before the re-
lease of each occlusion, Arrhythmia was quantitated as total
premature ventricular beats during the 5 minute occlusion,
Episodes of ventricular fibrillation excluded four dogs from
the study. At the end of the protocol, the artery distal to
the silk ligature was perfused with ink which delineated its
region of perfusion and allowed assessment of electrode
location with respect to the ischemic region.
Data analysis. All results were expressed as mean ±
standard error of the mean. The statistical significance of
differences was determined using the appropriate Student's
t test for paired or unpaired data, or the randomization test
for matched paired data, When multiple group comparisons
were made, a one way or two way analysis of variance was
performed. When an analysis of variance demonstrated a
significance between some data groups, a t test, Scheffe test
or least significant difference test was used to determine
significance between individual means, Significance was
considered to be present when a probability (p) value of less
than 0.05 was achieved,
Results
Ventricular arrhythmias. The arrhythmia data for con-
trol dogs (n = 9) and those receiving tonic efferent sym-
pathetic nerve stimulation (n = II) are shown in Figure I.
Before the first occlusion, neither group demonstrated ar-
rhythmia. During the first occlusion in the control group,
the number of premature ventricular complexes over 5 min-
utes of occlusion was 12 ± 3 (range 5 to 28). One dog in
this group had ventricular fibrillation on release of the first
occlusion and was excluded from the remainder of the study,
This dog had 23 premature beats during the occlusion. The
second occlusion after 3 minutes of reperfusion demon-
strated significantly less arrhythmia (p < O.OO\), After 40
to 60 minutes of undisturbed reperfusion, occlusion again
resulted in premature ventricular complexes (12 ± 3; range
3 to 27), not significantly different from the value obtained
during the first occlusion, The fourth occlusion, which oc-
curred after 3 minutes of reperfusion, demonstrated signif-
icantly less arrhythmia (p < 0,01) when compared with the
third occlusion.
Similar results were seen in the sympathetic nerve stim-
ulation experiments. Occlusion I in these experiments re-
suIted in 25 ± 4 premature ventricular complexes over the
5 minutes examined. This was significantly greater (p <
0,01) than the number observed in the absence of sympa-
thetic nerve activation. Two dogs had ventricular fibrillation
after the release of occlusion I, whereas one dog had ven-
tricular fibrillation during the occlusion; these dogs were
excluded from the study, A brief period of reperfusion re-
sulted in a significant reduction in the number of premature
ventncular complexes seen during occlusion 2. Prolonged
reperfusion returned conditions toward those observed dur-
mg occlusion I. Occlusion 4 was similar to occlusion 2.
ST segment changes. Figure 2 shows the combined ST
segment data for the control (top; n = 60 electrode sites)
and sympathetic nerve stimulation dogs (bottom; n = 64
electrode sites). In both groups, endocardial and epicardial
ST segment values were evaluated before any occlusions
and subtracted from ST elevation during each occlusion to
give the ST segment change (Fig, 2). In both groups of
dogs, significantly less (p < 0.01) ST segment elevation
was seen both endocardially and epicardially during occlu-
sions 2 and 4 when compared with occlusions I and 3,
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Discussion
Electrophysiologic effects of short coronary artery oc-
clusions. After approximately 3 minute s of coronary artery
occlusion . changes were noted in bipolar electrograms re-
corded both endocardially and epicardially in the ischemic
region (l ,3.4,7,21). Initially, a transient increase in con-
duction velocity (a decreased time to onset) is seen (2.4)
followed by a loss of electrogram amplitude , an increase in
electrogram duration and a delayed time to onset (3,7,21).
Also, the appearance of one or more activation spikes after
the initial major activation complex is seen (3.4,5,21). Stud-
ies (5-7) have also demon strated epicardial alteration of
these variables to be more severe than the endocardial changes.
amplitude and duration variables were not significantly al-
tered from those in the nonstimulated dogs by the presence
of tonic sympathetic nerve stimulation. Time to onset of the
electrogram was significantly shortened (p < 0.05) by sym-
pathetic nerve stimulation .
Within each group. preocclusion bipolar electrogram
variables varied considerably. As shown in Table 1, the
range was large for each variable . To compensate for the
extreme variability in the data , normalization of the elec-
trogram variables was performed. Figure 3 shows the per-
cent changes from control in bipolar electrogram amplitude.
time to onset and duration during the sequential occlusions.
Baseline in each graph represents the preocclusion value as
shown in Table I. Three results are shown by this figure.
First , abrupt occlusion of the left anterior descending coro-
nary artery, either in the presence or absence of tonic sym-
pathetic nerve stimulation, significantly alters (p < 0.05)
endocardial and epicardial electrogram amplitude and du-
ration ; however, time to onset was not significantly altered
(p > 0.05) . Second , a short period of reperfusion followed
by abrupt reocclusion results in small, insignificant changes
in electrogram variables from the preocclusion values, while
prolonged reperfusion (40 to 60 minute s) followed by abrupt
occlusion (occlusion 3) again demon strates significant al-
teration (p < 0.05) in electrogram amplitude and duration
from the control value. Occlu sions I and 3 were not found
to be statistically different (p > 0.05) from each other.
Finally , tonic sympathetic nerve stimulation did not change
the response to repeated occlu sion as similar trends were
observed in both groups of dogs.
Myocardial blood flow (Fig. 4). We examined the pos-
sibility that the lesser degree of local myocardial injury as
measured by unipolar and bipolar electrodes seen during
occlusions 2 and 4 was due to an increased myocardial blood
flow to the electrode sites . Regional endocardial and epi-
cardial blood flow during each occlu sion was calculated in
tissue surrounding each electrode. The data do not support
the theory that a significant increase in collateral or overlap
blood flow was responsible for the decreased injury seen at
these sites.
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respectively. ST segment values in the control group and
the sympathetic nerve stimulation group during occlusion
were not different, although elevation tended to be higher
in the nerve stimulation series.
Changes in myocardial activation. Before the onset of
the occlusion protocol, bipolar electrogram variables of am-
plitude, time to onset and duration were measured. After
release of each 5 minute occlu sion , electrograms returned
rapidly to the preocclusion values . No significant differences
(p > 0.05) were seen in electrogram amplitude , duration
or onset before any of the occlusions when these variable s
were compared with the preocclusion measurements.
Table I shows the mean ± standard error of the mean
for the control (preocclusion) bipolar electrogram variables
recorded from the endocardium and epicardium of the two
groups of dogs. In both groups, no significant difference
between the endocardial and epicardial values of a given
variable was found. Addit ionally , endocardial and epicardial
Figure 2. ST segment chan ges durin g occlusion in the endocar-
dium and epicardium of the ischemic region in control (A) and
sympathetic nerve stimulation (B) dogs. Each bar represent s the
mean ± standard error for data from 30 endocardial and epicardi al
sites in control dogs and 32 endocardial and epicardial sites In the
sympathetic stimulation dogs. All ST segment values were mea-
sured as change in amplitude (mv) after 5 minutes of occlusion .
* p < 0.01 when compared with occlusion I, using analysis of
variance and an independent t test. NS = not significant.
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Table 1. Preocclusion Bipolar Electrogram Variables
Amplitude (mY) TIme toOnset (mY) Duration (m)
Study Endo Epi Endo Epl Endo Epi
Control 10.1 ± 2.0 11.5 ± 1.8 133 ± 6 13 1 :!: 7 43 ± 4 44 ± 4
(5.5 to21.0) (5 .0 to 20.0) (105 to 165) (100 to 170) (30 to65) (35 to 65)
n= 16 n= 16 n= 16 n= 16 n= 16 n= 16
Sympathetic 11 0 ± 2.4 10.4 ± 1.7 11 8 ± 6* 11 6 ± 5* 37 ± 3 39 ± 3
nerve (3 5 to 23.5) (3 .5 to 190) (100 to 145) (100 to 140) (25 to 55) (30 to 51)
stimulation n= 16 n= 16 n= 16 n= 16 n= 16 n= 16
*p<0.05 compared with control.
Amplitude = maximal millivolt value from peak of posiuve deflection to nadir of negative deflection: Duration = period of electrogram activity
begmning with the first mtrinsic deflec tionand endmg with return torsoelectnc baseline; Endo = endocardialelectrogram; Epi = epicardial electrogram;
Time toonset = time from pacing stimulus until irutial mtrinsicdeflection of the electrogram
Results from this study are, in part, consistent with pre-
viously reported data (3,4, 7,21). During the initial occlusion
in either group of dogs, a decrease in electrogram amplitude
and an increase in electrogram duration were seen both
endocardially and epicardially. No change from control was
seen in the time to onset in either the endocardium or ep-
icardium of the control or sympathetic nerve stimulation
dogs. Unlike previous reports, there were no significant
differences between the endocardial and epicardial vari-
ables, perhaps due, in part, to the limited numbers of elec-
trode sites sampled in the present study. In both groups of
dogs, occlusion I and 3 resulted in significant decreases in
electrogram amplitude and significant increases in electro-
gram duration, whereas no change from control was seen
in these variables during occlusions 2 and 4.
Fractionation of electrograms (arr hythmias) . Bipolar
electrogram fractionation, as described by several investi-
gators (3-5,2 1), was seen in this study but was not quan-
titated. Williams et al. (4) quantitated this fractionation of
the electrogram and found that the appearance of the marked
desynchronization of activation coincided with the time of
occurence of ventricular arrhythmias. This desynchronized
activity continued well past electrical systole and suggested
the presence of extremely slow conduction or local fibril-
lation (4) . Although the occurrence of desynchronized local
electrical activity was not precisely quantitated in this study,
several incidents were observed during occlusions I and 3
in both groups of dogs. Little evidence for desynchronized
activity was seen during occlusions 2 and 4 . The hypothesis
that the presence of desynchronized activity is closely re-
lated to arrhythmia (3-5,21) and the subjective observation
that the second and fourth occlusions of the experimental
protocol resulted in very little electrogram fractionation may
explain the marked decrease in arrhythmia during these oc-
clusions. It was originally postulated that the decrease in
arrhythmia, ST segment elevation and electrical abnormal-
ities during occlusions 2 and 4 was due to enhanced blood
flow to these regions during these occlusions. Data from
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Figure 4. Regional myocardial blood flow (MBF) in
endocardial and epicardial sites where bipolar or uni-
polar electrodes were located. Each data bar repre-
sents the mean ± standard error of myocard ial blood
flow from 46 endocardial and epicardial electrode sites
in control dogs and 48 endocardial and epicardial sites
in sympathetic stimulation dogs. Numbers at the bot-
tom of each bar represent the occlusion number. Anal-
ysis of variance revealed no significantdifferences among
endocardial or epicardial blood flows in either group
of dogs.
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this study do not support this hypothesis because myocardial
blood flow measured at the sites of electrical recording did
not change significantly durin g any occlusi on. Therefore,
alternati ve hypotheses to explain the reduced incidence of
electrical abnormality and arrhythm ia dur ing these occlu-
sions must be propo sed .
Hypotheses to explain reduced incidence of electrical
abnormality and arrhythmia. During ischemi a, potas-
sium released from the ischemic cells (22-24) may cause
or contribute to changes in cellul ar excitability by creating
a gradient of excitability from ischemic to normal myocar-
dium (25,26). Ischemi c muscle loses a large amount of
potassium very rapidly (25,26) and other work (22,23,27)
has suggested that release and accumulation of potassium
in the extracellular space may be arrhythmogenic. Hill and
Gettes (26) demonstrated a two- to three-fold increase in
regional potassium ion concentration and activity in ischemic
muscle after 5 minutes of left anterior descendin g artery
occlusion . Local bipolar electrograms at the site of potas-
sium measurement became progressivel y delayed and with
time showed marked fractionation durin g the most rapid
phase of cellul ar potassium loss. This phase usually occurred
2 to 6 minutes after the onset of left anterior descendin g
artery occlusion. Reperfusion would be expected to result
in the rapid washout of potassium and the return of the
extracellular potassium levels to control values .
During occlusion I of the repeated occlusion protocol ,
a series of events similar to those described by Hill and
Gettes (26) probably occurs. Reperfusion of the myocar-
dium may wash out the potassium lost from the cells and
the excitability gradient is eliminated . The ischemic cell s,
however. recover function slowly (28-30) and metabolic
processes may not return to control immediatel y (28,31). It
is possible that reestabli shment of normal potassium levels
in the ischemic cell s also occurs slowly. The abrupt reoc-
c1usion of the left anterior descending coronary artery after
3 minutes of reperfusion initiates the ischemic reaction s in
the cell , but these cells may possess reduced levels of in-
tracellular potassium (26) due to attenu ated metabolic func-
tion (31 ) and ability to resequester potassium; therefore. the
limited release of potassium occurs during the second oc-
clusion . Excitability gradients (25) would be less durin g this
occlusion; there fore . reduced arrhythmia and electrogram
abnormalities would be expected . Several studies (32-34)
have implicated loss of intracellular potass ium in the gen-
eration of ST eleva tion, such that decreased levels of ex-
tracellul ar potassium during the second occlusion may also
explain the observed reduction in endocardial and epicardial
ST segment elevation during these occlusions. Long periods
of reperfu sion , that is, 40 to 60 minutes , would allow more
time to reestablish metabolic equilibrium and intracellular
potassium levels, thus explaining the similarity between
occlusions I and 3.
Clinical implications. This demonstration of fewer in-
dexes of injury during identical periods of occlu sion was
also seen in the presence of tonic sympathetic nerve stim-
ulation . The recent report of Robert son et al. (35) describin g
patients with multiple incidents of variant angin a, ST seg-
ment elevation and arrhythmi a takes on greater significance
in light of these results. Repeated incidents of short ischemia
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(vasospasm) closely associated in time may cause severe
myocardial damage, but manifest as only a relatively mild
injury when examined by means of electrocardiography.
Repeated incidents of ischemia may result in little or no
evidence of electrical abnormalities, whereas large amounts
of actual tissue damage(necrosis) may be occurring. Reports
of documented repeated coronary vasospasm where some
incidentsof spasm showed little or no change in the electro-
cardiographic variables (35) support the observations of this
study.
I express my thanks to Walter C Randall. PhD. for his cnncal review
and guidance during the performance of these experiments and the wruing
of the manuscript.
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